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In our pursuit to expand the current understanding of this distinctive enzyme family, we have recently reported on a novel KDO8PS from one of the earliest known diverging eubacteria (48) . The kdsA gene from the hyperthermophile Aquifex aeolicus (49) was cloned and expressed in E. coli and the function of the recombinant enzyme as a KDO8P synthase has been confirmed (48) . Consistent with the thermophilic phenotype of A. aeolicus, the recombinant KDO8PS demonstrates exceptional thermostability and is maximally active at 95°C (48) . In the present study, we provide strong evidence that KDO8PS from A. aeolicus requires a divalent metal for activity. Our findings on the first example of a metal-dependent KDO8PS establish a novel relationship between the KDO8PS and DAHPS families.
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The suspension was allowed to cool slowly to room temperature, placed on ice for 15 min and then precipitated protein was removed by centrifugation (30 000 × g, 20 min, 4°C). The supernatant (64 ml; 165 mg total protein) was diluted 2-fold with Buffer A (20 mM Tris, pH 7.5) and applied to a Q Sepharose Fast Flow column (1.5 × 30 cm) equilibrated with Buffer A. The column was developed using a linear gradient to 0.7 M KCl in Buffer A over 60 min at a flow rate of 2 ml/min. The fraction collected between 41-51 min after initiating the gradient was dialyzed against Buffer A. The retentate (22 ml; 120 mg total protein) was filtered (0.22 µm) and portions (40 mg total protein) were fractionated over a Mono Q column as previously described (48) . The active fractions from successive runs were pooled (19 ml; 80 mg total protein) and solid KCl was added to a final concentration of 1.0 M. The sample was filtered (0.22 µm) and applied in three separate runs to a Phenyl Superose column equilibrated with 1.0 M KCl in Buffer A. The column was developed first with a linear gradient from 1.0 to 0.6 M KCl in Buffer A over 15 min and then with a step gradient to Buffer A at a flow rate of 1.0 ml/min. KDO8PS eluted between 4-9 min after development with Buffer A. Fractions from successive runs were pooled, dialyzed against 2 mM Tris (pH 7.5) and then frozen in liquid nitrogen and stored at -80°C. A total of 70 mg of protein was obtained, representing a recovery of 28 mg of recombinant protein per liter of culture. Portions of the enzyme solution were concentrated by lyophilization. The specific activity of KDO8PS determined prior to lyophilization and following reconstitution of the lyophilized enzyme is equivalent. microcentrifuge tubes and stored at -80°C. EDTA-treated enzyme solution prepared for the current study consisted of 168 µM KDO8PS and was diluted 672-fold into assays yielding a final concentration of 0.25 µM with respect to enzyme and 1.5 µM with respect to EDTA. The activity of the EDTA-treated enzyme under standard assay conditions is 0.2 U/mg, approximately 5% of the untreated enzyme (vide infra).
KDO8PS Activity Assay-A typical assay, in a final volume of 100 µl, consisted of Trisacetate (100 mM, pH 7.5), PEP and A5P (3 mM each) and KDO8PS (0.25-0.33 µM). The concentrations of additional additives (metal salts or chelating agents), when included, are as indicated in figure and table legends. Stock solutions of FeSO 4 were freshly prepared in 0.01 N HCl (using Trace Metal Grade HCl; Fisher) and were diluted >10-fold into reactions immediately before assays. Reactions were generally initiated by addition of 5 µl enzyme solution to assay mixtures preincubated at 80°C for 2 min. In some cases, EDTA-treated KDO8PS was preincubated with PEP and the metal salt at 80°C (5-20 min) prior to initiating reactions with 5 µl A 5-P solution. Reactions were incubated at 80°C for 4 min and then quenched with the addition of either ice-cold 10% (100 µl) or 40% (15 µl) trichloroacetic acid and immediately placed on ice. The mixture was centrifuged for 2 min and a portion µl) of the supernatant was used for the determination of KDO8P by the periodate-TBA assay. In all cases examined under these conditions, PEP and A5P remained at saturating concentrations over the 4 min incubation. One unit of activity is defined as the production of 1 µmol of KDO8P per minute at 80°C.
Periodate-Thiobarbituric Acid (TBA) Assay-The determination of KDO8P followed the general method for detection of a 3-deoxy-2-keto sugar acid and was performed essentially as described previously (50) . The procedure involves oxidative cleavage of KDO8P by NaIO 4 to β-formylpyruvic acid and the reaction of the latter with 2 mol equivalents of TBA to yield the chromophore observed at 549 nm (51) (52) (53) . Briefly, the quenched reaction mixture containing KDO8P (20-150 µl) was treated with NaIO 4 (25 mM in 0.125 N H 2 SO 4 ; 0.2 ml) for 10 min, NaAsO 2 solution (2% in 0.5 N HCl; 0.4 ml) was added to reduce excess oxidant and then TBA solution (0.36%, pH 9.0; 2.0 ml) was added and the samples were heated at 110ºC for 10 min.
The samples were allowed to rest at ambient temperature for 5 min and the absorbance at 549 nm was recorded (ε 549 = 1.03 × 10 ).
In general, the volume of trichloroacetic acid used to terminate reactions and the portion of the quenched solution subjected to analysis were selected in order to maintain the quantity of KDO8P in the latter between approximately 0.3-30 nmol. Although the sensitivity of the periodate-TBA assay, in our hands, permits a lower limit of detection of 25 pmol KDO8P, 300 pmol KDO8P was chosen to represent the absolute lower limit of observation to ensure accurate measurement of low enzyme activity. Under the standard activity assay conditions described above (0.25 µM KDO8PS, 4 min reaction), this amount of product would be generated by enzyme with a specific acitivty of ≈ 0.1 U/mg and would yield an A 549 of ≈ 0.01 following development by the periodate-TBA assay.
The effect of various assay components (e.g. metal salts, chelating agents) on the periodate-TBA assay was determined as follows. A solution of KDO8P (0.21 mM) was prepared enzymatically under standard assay conditions. Portions of the quenched reaction were mixed with several concentrations of each additive and subjected to the periodate-TBA assay. The absorbance of the developed sample was compared to that of a similarly prepared control in which no additives were included. With the exception of CuSO 4 Samples for metal analysis were prepared by addition of a metal salt (16 µl of a 14 mM stock solution) or water (16 µl) to EDTA-treated KDO8PS (134 µl consisting of 168 µM enzyme, 1 mM EDTA, 20 mM Tris) resulting in a solution containing 150 µM enzyme, 0.9 mM EDTA and when included, 1.5 mM metal salt. As such, the concentration of the metal salt in excess of EDTA was approximately 0.6 mM, representing a 4-fold molar excess of metal to enzyme monomer. Samples were incubated at 23°C for 1 h, centrifuged and then 100 µl was applied to a Fast Desalting Column to remove excess metal salt and EDTA from the proteinmetal complex. The column was equilibrated with 10 mM Tris (pH 7.5) and developed at a flow rate of 0.5 ml/min. The fraction eluting between 3.0-4.5 min post-sample injection containing the entire protein fraction was collected. Complete separation of the protein fraction from excess salts is achieved under these conditions. The protein concentration of the fraction was determined and samples were subjected to metal analysis as described above. In a separate experiment, KDO8PS (i.e. without EDTA-treatment; 150 µM) was incubated in 20 mM Tris (pH 7.5) in the presence of 1 molar equivalent each of a mixture of metal salts (as indicated in Table   III ) and subjected to similar manipulations as described above.
To determine the metal content of KDO8PS directly following purification, samples of enzyme (≈ 20 µM) were dialyzed extensively against 5 mM Tris, pH 7.5 at 4°C. Following dialysis, the concentration of the dialyzed enzyme was determined and subjected to metal analysis as described above. A sample of the dialysate was also analyzed in order to determine the metal content of the dialysis buffer.
Analytical Methods-Protein concentrations were estimated using the Bio-Rad Protein Assay Dye Reagent (Bio-Rad; Hercules, CA) with bovine serum albumin (Sigma) serving as the calibration standard. Protein concentrations cited refer to monomer concentration and were calculated using a molecular weight of 29734 Da for recombinant KDO8PS (48) . Optical spectroscopy was performed on a Cary 3 Bio UV-Visible Spectrophotometer (Varian Associates; Sugarland, TX). When required for spectroscopic analyses, EDTA-treated KDO8PS was desalted as described above before reconstitution with metals. Protein sequence comparisons and alignments were produced by the CLUSTAL W multiple sequence alignment program (version 1.7) (54).
RESULTS

Purification and Metal Content of KDO8PS-In our initial report on KDO8PS from A.
aeolicus, purification of the recombinant enzyme was achieved through a two-step protocol involving a very effective heat-treatment step of the cell extract followed by anion exchange chromatography over Mono Q (48) . A four-step protocol involving heat-treatment of the cell extract followed by sequential chromatography over Q Sepharose, Mono Q and Phenyl Superose was used to purify the recombinant enzyme for the current study. This latter procedure gave rise to KDO8PS that appeared homogenous on SDS-PAGE gels (visualized with Coomassie staining) and eliminated the minor contaminants that co-purified with KDO8PS using the two-step protocol. Fractions obtained from the different stages of purification as well as concentrated solutions of purified KDO8PS (> 3 mg/ml) had a pinkish-red coloration. Metal analysis of KDO8PS samples purified by the current (sample A) and the previous (sample B) method found each to contain approximately 0.4 mol equivalents zinc per subunit, lesser amounts of iron and trace amounts of various other metals (Table I ). The specific activities at 80°C of both enzyme samples are essentially equivalent (Table I) , the difference possibly reflecting the small variation in metal content or the improvement in purity of the enzyme used for this study. Thus, the metal content and activity of enzyme purified by either the two-or four-step method are similar.
Influence of Metal Chelators on KDO8PS
Activity-To investigate whether the metals associated with purified KDO8PS (Table I ) are important for catalytic activity, two metal chelating agents, EDTA and 1,10-phenanthroline were examined for their abilities to inactivate KDO8PS. Dilution of KDO8PS into assays containing various concentrations of either chelator, a situation in which enzyme and chelator are concurrently exposed for a period equal to the time of assay (4 min), is accompanied by a concentration-dependent reduction in KDO8PS activity (Fig. 1A) . EDTA inactivates KDO8PS more effectively than 1,10-phenanthroline at each concentration examined. Time-dependent inactivation by EDTA is also observed and appears to follow biphasic kinetics in which an initial fast phase is followed by a relatively slower phase of inactivation (Fig. 1B) .
The effectiveness of EDTA in inactivating KDO8PS was exploited in order to secure metalfree enzyme for subsequent studies. To this end, concentrated enzyme (≈ 0.2 mM) was treated with 10 mM EDTA followed with dialysis against buffer containing 1 mM EDTA. KDO8PS activity is typically reduced to < 0.5 U/mg when treated in this manner. For these studies, EDTA-treated enzyme activity is 0.2 U/mg, an activity roughly 5% that of the untreated enzyme and approximately 0.4% that of the maximum activity observed in the presence of various divalent metals (vide infra; Fig. 2 and Table II ). When assayed as described, an activity of 0.2 U/mg is twice the level set as the lower limit of observation and is reliably determined using the periodate-TBA assay (see Experimental Procedures). At present it is unclear whether the residual activity of the EDTA-treated enzyme is a result of trace metals present in assays (contributed by the assay components and plastic ware), the inability of EDTA-treatment to render the enzyme 100% metal-free or true residual activity expressed by the apoenzyme. To provide an initial assessment of the metal activation, activity was determined under conditions in which EDTA-treated KDO8PS was used to initiate reactions containing various concentrations (0.001-10 mM) of the individual metals. Results from this study ( A comparison of metal activation determined under conditions of preincubation to that in which enzyme is not preincubated with metal (Table II) illustrates that in general, the activities measured under both conditions are similar. The most significant differences are observed for activation by Ca (Table II) .
Dependence of KDO8PS Activity on Divalent Metals-KDO8PS
Due to inherent limitations associated with the discontinuous assay at 80°C, it remains difficult to assess the reaction rate and linearity at the very onset of reactions (< 30 s). Although Although only a qualitative assessment of FeSO 4 activation is warranted at this time for the reasons given above, the response of EDTA-treated KDO8PS to this cation appears unique with respect to the other metals. When the concentration of FeSO 4 added to assays is between 0.01-1 mM, enzyme activity varies between ≈ 3-6 U/mg in an apparent multimodal manner (not shown).
However, inclusion of higher concentrations of FeSO 4 produced an approximate 10-fold increase in activity, reaching an apparent maximum of ≈ 50 U/mg at concentrations between 3-6 mM.
The latter activity is similar to the maximum activity observed for both CdCl 2 and MnCl 2 .
Additional studies designed to measure activity under reducing or anaerobic conditions at 70-80°C will be required to fully evaluate the effect of Fe(II) on enzyme activation.
Increasing concentrations (> 1 mM) of certain metals lead to subsequent inhibition (Fig. 2) .
The activity of KDO8PS in the presence of 10 mM Cd (Fig. 2) . Furthermore, the inclusion of 20 mM NaCl in assays with either 1 or 10 mM metal (each metal salt was examined) either did not alter or resulted in a nominal increase in the measured activity (≈ 10% for 1 mM Co Spectroscopic Properties of KDO8PS-The UV-visible electronic absorption spectrum of KDO8PS as isolated following purification reveals a broad band centered at 505 nm (Fig. 3) . ) (Fig. 3) . Titration of EDTA-treated KDO8PS with CuSO 4 increases the A 375 up to the addition of 1 mol equivalent, after which further titration with up to 5 mol equivalents of CuSO 4 does not affect the intensity of the peak (Fig. 3, insert) . The lack of distinguishing spectral features of the EDTA-treated enzyme is consistent with removal of bound metals (Fig. 3) .
Addition of increasing concentrations of either
Evidence for Stable Enzyme-Metal Complexes-In order to determine whether metal activation involves formation of a stable complex with KDO8PS, the binding stoichiometry for several metals was investigated. For analysis of metal binding, EDTA-treated KDO8PS was incubated with an excess of metal salt and then separated from free metal by gel filtration and the protein fraction analyzed for metal content (Table III) .
In the case of Zn are required to achieve maximum activation of KDO8PS (≈ 1 mM; Fig. 2 ). The highest metal binding stoichiometry is observed for KDO8PS incubated for 1 hr with FeSO 4 , the enzyme found to contain 1.21 mol equivalents of Fe per enzyme subunit subsequent to gel filtration (Table III) . However, the activity of the Fe-enzyme complex (Table III) (Table III) . Under these conditions it appears that KDO8PS preferentially binds Cd (Table III) .
DISCUSSION
This investigation has identified for the first time the existence of a metallo-KDO8PS, that from A. aeolicus. Our initial characterization of A. aeolicus KDO8PS has shown that the recombinant enzyme demonstrates thermal properties (including temperature optimum and thermostability) representative of other enzymes isolated directly from thermophilic microorganisms (48) . In the current study, several lines of evidence are presented substantiating the metal requirement of KDO8PS including: i) the active enzyme is isolated with bound metal;
ii) metal chelating agents inactivate the purified enzyme; iii) divalent metal ions restore a broad range of activities to enzyme rendered inactive with EDTA; iv) metal ions form stable complexes with KDO8PS; and v) certain metals form a chromophoric complex with KDO8PS that displays characteristic spectral properties.
Purified preparations of KDO8PS isolated using slightly different methodologies contain similar and substoichiometric amounts of bound zinc and iron (Table I ). The foremost presence of these two metals is likely a consequence of the metal availability in the culture medium.
Heterologous expression of KDO8PS is achieved from cultures maintained in 2×YT broth, an enriched medium similar in composition to Luria-Bertani broth (58) which has been shown to contain significant concentrations of iron and zinc (≈13 µM) and lesser amounts (< 0.4 µM) of other metals (41) . A comparable metal content between the two media would account for the predominance of zinc and iron isolated with the enzyme. Other observations suggest that these metals remain associated with the enzyme throughout the process of purification. Accordingly, EDTA-treated enzyme reconstituted with zinc or iron at concentrations comparable to that suspected in the culture medium, demonstrates an activity akin to the enzyme as isolated.
Both EDTA and 1,10-phenanthroline are effective in reducing KDO8PS activity (Fig. 1A) .
Although the possibility remains that non-chelating properties of EDTA and 1,10-phenanthroline contribute to the observed inhibition, additional evidence presented herein indicates that the loss of activity is likely a direct consequence of metal chelation. This type of inhibition can occur when the chelating agent either reacts with the metal as it dissociates from the enzyme or forms a ternary enzyme-metal-chelator complex that is itself inactive or collapses to apoenzyme and the chelated metal (59, 60) . In the case of the latter, the chelating agent catalyzes the removal of the metal per se and inhibition is often rapid. EDTA is generally considered to rapidly sequester free metals following spontaneous dissociation of the metalloenzyme (59) . The time dependence of EDTA inhibition (Fig. 1B) is consistent with this type of mechanism but does not preclude the slow dissociation of an active ternary complex. Considering that the stability constant for the zinc chelate of EDTA is greater than that of 1,10-phenanthroline (59), the superior inhibition afforded by EDTA is consistent with removal of zinc from KDO8PS (Table I) .
Prolonged incubation of KDO8PS with 10 mM EDTA followed by dialysis against 1 mM EDTA typically reduces enzyme activity to less than 10% of the initial activity which corresponds to less than 1% of the maximum activity (50 U/mg). In comparison to the purified enzyme, which demonstrates an absorption at 505 nm, the spectrum of the EDTA-treated enzyme is indistinctive (Fig. 3) . Metal analysis of the EDTA-treated enzyme confirms removal of the zinc and iron from the enzyme (Table III) . In addition, the oligomeric state of EDTAtreated KDO8PS and the enzyme as isolated, as evidenced by analytical gel filtration, are identical and are unchanged by the presence or absence of EDTA in the chromatographic buffer (not shown). Collectively, the above observations correlate the loss of enzyme activity following EDTA-treatment of KDO8PS with removal of enzyme bound metal ions.
The spectral properties of KDO8PS lend additional evidence in support of an enzymecoordinated metal. The broad absorption band at 505 nm displayed by the enzyme as isolated (Fig. 3) is suggestive of a ligand-to-metal charge transfer electronic transition of Fe(III) (61).
Assuming 0.3 mol equivalents of iron (Table I) . In addition to metal affinity, the 10-fold range in maximum activity seen with the individual metals indicates that KDO8PS activity is determined, in part, by the specific properties of the activating metal. To a first approximation, the larger the ionic radius of the divalent cation the greater the activation, assuming octahedral geometry for the metal (65) . It is noteworthy that the highest activation (≈ 50 U/mg) is achieved with both Mn 2+ and Cd
2+
(under appropriate conditions, iron also appears to activate KDO8PS to a similar level), suggesting that at this maximal rate, a step independent of metal identity becomes rate limiting. In the case of E. coli KDO8PS, product release has been shown to be rate limiting (2).
Incubation of EDTA-treated KDO8PS with several metals under identical conditions produces stable complexes of different, yet related stoichiometries (Table III) . To a first approximation, binding of 0.25 (Mn), 0.5 (Zn, Cu, Cd) or 1 (Fe) mol equivalents of metal per subunit are observed in the complexes. Several observations provide convincing evidence that A. aeolicus KDO8PS exists as a tetramer in solution: the structure of E. coli KDO8PS determined for two crystal forms reveals a tightly packed homo-tetramer with four individual active sites (66, 67) ; the oligomeric structure of A. aeolicus KDO8PS is equivalent to the E. coli enzyme in solution (48) ; the sequence identity between the two enzymes (46%; see below) is significant. Therefore, it is reasonable that each subunit of the A. aeolicus KDO8PS tetramer will itself contain a lone active site that binds a single metal ion. In relation to the KDO8PS tetramer, the stoichiometries noted above translate to specific binding of one, two or four metal ions. This apparent all or none relationship regarding metal binding to individual subunits predicts that the binding affinities of the individual subunits are not equal. More detailed kinetic and thermodynamic analyses will be required to address any correlations between KDO8PS activity and metal binding stoichiometry.
As highlighted in the introduction, the available mechanistic information along with the clear parallelism in the overall reactions catalyzed by KDO8PS and DAHPS strongly suggest they follow a closely related reaction pathway. In essence, the foremost differences in the two reactions, at least in the case of the E. coli enzymes, are the metal cofactor requirement and the length of the phosphorylated monosaccharide substrate (E4P versus A5P). Recent observations on the E. coli phenylalanine-sensitive isoform of DAHPS have extended its kinship to KDO8PS.
In addition to E4P, DAHPS(Phe) can also catalyze the metal-dependent condensation of PEP with A5P to form KDO8P (40) . This raises the question as to whether the A. aeolicus enzyme under current investigation is itself a DAHPS capable of condensing A5P with PEP. However, incubation of KDO8PS with PEP and E4P under a wide variety of conditions fails to provide any evidence that E4P serves as a substrate and indicates that the A. aeolicus enzyme functions as a true, metal-dependent KDO8PS. Therefore, from a mechanistic position, our current understanding of the correspondent reactions appears insufficient to account for the necessity of a metal cofactor in the reaction catalyzed by E. coli DAHPS and A. aeolicus KDO8PS and the lack of such a requirement in the case of E. coli KDO8PS. More recent studies have also indicated the lack of a metal ion requirement for recombinant KDO8PS from Salmonella typhimurium 3 and Neisseria gonorrhoeae. 4 Primary sequence comparisons also fail to provide any distinguishing correlation between enzymatic reaction and metal requirement. Sequence alignment of A. aeolicus and E. coli KDO8P synthases produces an overall identity of 46% with extensive stretches of similarity (approximately 70% total homology), the latter predominantly reflecting conservative replacements in hydrophobic residues. Non-conservative substitutions include a higher proportion of charged residues in A. aeolicus KDO8PS which may contribute to the enzyme's relative thermostability (not shown). In contrast, neither the metallo-nor nonmetallo-KDO8PS
shows any significant sequence identity with either of the three E. coli DAHPS isozymes (≈ 15-20% for each pair-wise alignment). Less than 10% identity is observed for a multiple alignment between A. aeolicus KDO8PS, E. coli KDO8PS and E. coli DAHPS(Phe) (not shown). The weak homology between representative members of the KDO8P and DAHP synthase families has been previously recognized (42) .
Additional observations further confound the discrepancy of a metal cofactor. Despite the poor level of sequence identity between KDO8PS and DAHPS, the crystal structures of E. coli KDO8PS (66) 
TABLE I
Metal content of purified KDO8PS
HR-ICP-MS analysis of (A) 22 µM KDO8PS isolated using the four-step protocol in the current study and (B) 18 µM KDO8PS isolated using the two-step protocol from an independent study (48) . Samples were simultaneously dialyzed and analyzed for metal content as described under "Experimental Procedures". The concentration of metals in the dialysis buffer was subtracted from those in the enzyme samples and were as follows (in µM): Zn, 0.13; Fe, 0.14; Cu, 0.03, Ni, 0.02; Co, 0.0003; Mn, < 0.002; Cd, 0.02. As such, the total concentration of metals in the dialysis buffer is < 2% of the enzyme. 
Activation of KDO8PS following preincubation with metals
The activity of EDTA-treated KDO8PS was assayed as in the legend of Fig. 2 except KDO8PS, PEP and metal salt were incubated for 10-15 min at 80°C before initiating reactions with A5P.
Columns labeled as "+" indicate activities determined following preincubation of enzyme with metal; columns designated as "-" represent activities determined without preincubation. 
